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We report here the development of a method for computing the distribution of adenine nucleotides in the perfused heart which will satisfy all the biochemical constraints upon them. As Mgz+ and H+ are important ligands of ad&ine nucleotides, the techniques involved also required computation of cytosolic unchelated Mgzf concen6ation and cytosolic pH, quantities that are difflcult to measure accurately. This method constitutes an important step in the construction of our computer model of the isolated perfused rat heart (1). It is applicable to any physiological state of the heart provided that the necessary data are available.
CONVENTIONS AND ASSUMPTIONS
In constructing our model we assumed that only the metabolism in the cytosol and mitochondria is relevant to the processes being simulated and that that these compartments are maintained internally homogeneous by cardiac contraction and are not subcompartmented. We considered protonation and Mg"+ and K+ chelation to be the only important chelation equilibria. In the discussion which follows mitochondrial species are denoted by an asterisk (*) following the chemical symbol. Unless otherwise noted, metabolite levels are given in nmol/g dry wt, and fluxes are in nmol/g dry wt l min? These units may be converted to PM (or pM/min) by dividing by 1.8 or 0.2 ml/g dry wt for the cytosolic and mitochondrial compartments respectively (36). Enzymatic rate laws were derived from reaction mechanisms by the method of King and Altman (9). Mechanistic details and kinetic constants for the various enzyme rate laws used have been deposited as supplementary material to the following paper (1).
BIOCHEMICAL CONSTRAINTS ON THE NUCLEOTIDE

DISTRIBUTION
To define the nucleotide distribution we must find the total amount of each nucleotide in each compartment, the fraction of cytosolic ADP bound to actin, the cytosolic Mg'+ concentration, and the cytosolic pH. Nine constraints are required to evaluate these nine unknowns. The tissue levels of each nucleotide, the creatine kinase and phosphofructokinase rate laws, the adenylate kinase equilibrium, a model of ADP binding to actin, and the empirical ADP*-respiration rate relationship quoted below provide eight constraints. The total amount of adenine nucleotides in the mitochondria (CANP*) has been treated as a parameter and serves as the ninth constraint. We have observed that this quantity is required to lie in a fairly narrow range to preclude the computation of negative concentrations or physiologically unrealistic pH values. All these constraints must be simultaneously satisfied, but it is not possible to solve for them sequentially, because the (22) indicate that this system is always near equilibrium in the rat heart because of the high tissue capacity of the enzyme (31). Clearly, the position of this equilibrium will depend on the position of the nucleotide chelation and protonation equilibria in the cytosol. We have included KS chelation in our model and set the nominal cytosolic ionic strength to 0.1 M, considering this to be equal to the K+ concentration.
We used the MgZ+ and K+ chelation and protonation stability constants of Nihei et al. (21) . The literature values for K,lIgA1)l' invariably predicted cytosolic AMP levels which are too low to exert any control on phosphorylase b in the presence of physiological levels of glucose 6-phosphate and ATP (6, 17). Since the stability constant for MgADP is not accurately known (341, we have treated this constant as a parameter whose value was adjusted to reproduce a neutral pH for the aerobic, steady-state rat heart (see below). The optimal value of 686 M-l is just slightly smaller than that obtained experimentally by Smith and Alberty (30). Rose (23) cites a Mg'+-free, pH-indepedent, apparent equilibrium constant at an ionic strength of 0.1 M of 0,37 for the enzyme-catalyzed reaction
Combining the above constants we can compute the true adenylate kinase equilibrium constant as
from which we can compute the cytosolic uncomplexed AMP level. The cytosolic AMP'-levels obtained by this method for situations when cyclic AMP is low, and glycogen is being depleted (L. Opie, personal communication), are great enough to activate phosphorylase b. After computing the HAMPand MgAMP levels, the AMP* level is found from tissue AMP by difference.
Cytosolic pH. Creatine kinase catalyzes the reaction
If the reactant levels and the rate of change of creatine phosphate (or creatine) are known, we can compute that H+ concentration which will reproduce the observed flux through the enzyme when substituted into the creatine kinase rapid random equilibrium rate law (34). Rose (23) previously suggested that the position of the creatine kinase equilibrium could be used to compute the cytosolic pH, and this method was employed by Siesjii et al. (29) to compute the pH in brain tissue in steady-state situations.
Applicability of this method for computation of the pH in muscle, where ADP binding to actin is important, is supported by the recent observation (25) of a linear relationship between the logarithm of the apparent equilibrium constant for this reaction and the tissue pH in human quadriceps muscle.
Binding of ADP to actin. The ADP which is bound to F-actin becomes accessible to creatine kinase at a very slow rate (32). This can be interpreted to indicate either that the bound ADP can, with difficulty, serve as a substrate for creatine kinase or that the binding of ADP is reversible.
In a recent review (35) it was stated that the nucleotide is bound to G-actin as ATP and is hydrolyzed to ADP during polymerization to F-actin. This would suggest that the bound ADP pool is nearly constant. During ischemia, the tissue ADP of rat hearts nearly doubles while ATP falls (19). Our model would predict alkaline pH values during this period, in contradiction to the acidic pH values obtained by direct measurements (ZO), if the newly produced ADP were not allowed to bind to actin. Furthermore, Williamson
observed a fall in ADP and lactate and a rise in creatine phosphate tissue levels upon reoxygenation of anoxic rat hearts. According to our model, the pH would have to rise while ADP is falling. This can only occur if the level of unbound ADP rises. For these reasons we treat The rate constant for the release of bound ADP (12, = 5 min? was chosen to approximate the rate of formation of ATP from bound ADP observed by Szent-Gyijrgi and Prior (32). We used an ADP-binding rate constant (k,) of 4.11 x lO-:j (nmol/g dry wt)+ l min-' with an actin content in heart muscle of 2,870 nmol/g dry wt (32). This model predicts that 70.2% of the cytosolic ADP will be bound to actin at equilibrium.
This (1) l klnetics of phosphofructokinase based on the model of Garfinkel (3). Because it has not been possible to measure the concentration of cytosolic, uncomplexed Mg'+ ions, we have treated this quantity as a parameter and found that value which generates-a distribution of chelated and unchelated nucleotide species which reproduces th .e observed flux through the enzyme when substituted into the phosphofructok inase rate la .W.
DISTRIBUTION METHODOLOGY
Since we are concerned in our modeling efforts with physiological transitions rather than steady states, we first assume a temporal profile for ZANP*. This is very quickly optimized as the biochemical constraints on the system force modifications in the profile. We select enough time points to adequately describe the temporal profiles of the tissue nucleotide levels, ZANP*, respiration rate, tissue AMP, and an estimate of the cytosolic AMP level. These arrays serve as input to a computer program which solves the differential equations for the ADP-actin binding system. We have written another computer program (5), which algebraically solves an enzyme rate law for the instantaneous concentration of one substrate (or modifier) which reproduces the known flux through the enzyme given the concentrations of all other substrates and modifiers. Because this program does not integrate the differential equations defined by the rate laws, each enzyme behaves (instantaneously) independently of all the others, and we therefore named this mode of model construction "decomposition." For each time point examined the computed a&in-bound and unbound ADP levels along with other metabolite levels are input into our "decomposition"
program.
In the course of iteratively solving for the Mg'+ concentration which will reproduce the observed (or deduced) flux through phosphofructokinase, this program computes a new estimate of the cytosolic AMP level from the adenylate kinase equilibrium.
The input to the a&in-binding integrating program is modified according to the new cytosolic AMP profile, and the procedure is repeated until this profile does not change between successive computation cycles. One to four cycles are normally sufficient for convergence of the distribution procedure.
In the course of determining the optimal MgS+ concentration, the "decomposition"
program automatically computes the cytosolic pH and the concentrations of mitochondrial and complexed cytosolic nucleotides from the creatine kinase rate law, the ADP*-respiration rate relationship, and the chelation equilibria, respectively. Our perfused rat heart model has been implemented as a 
RESULTS
We have applied the above techniques to an aerobic, an anoxic, and an ischemic perfused rat heart preparation. The aerobic Langendorff preparation undergoes a transition from perfusion with buffered solution in the absence of exogenous substrate to perfusion with a buffered solution containing glucose and insulin (24). The adenine nucleotide distribution at several points during the transition are given in Table 1 . As the respiration rate increases, tissue ATP rises while ADP and AMP fall, i.e., the metabolism functions at a higher energy state. LaNoue et al. (14) found a total adenine nucleotide content in isolated rat heart mitochondria of 1,200 nmol/g dry wt when the AMP* level was low (loo-200 nmol/g dry wt). We were able to maintain the computed ZANP* constant at that value for this preparation, suggesting that antiport translocation of ADP and ATP across the mitochondrial membrane is unimpaired. The very low cytosolic AMP levels are consistent with nearly inactive phosphorylase b and net synthesis of glycugen as required by the data of Safer and Williamson (24 The adenine nucleotide distribution at several points during the transient induced in a Langendorff prepara- glycolytic flux coupled with the large rise in cytosolic AMP indicate that a significant portion of glycolysis is due to activation of phosphorylase b (I>. Koch and LaNoue (10) found CANP* to be constant in isolated mitochondria unless irreversible damage is incurred. Since these anoxic hearts return to their normal functioning upon reoxygenation, we have held BANP* constant at 1,730 nmol/g dry wt during the course of this experiment to provide room for the increase in AMP*. This suggests that short-term anoxia does not compromise either the adenine nucleotide translocases or the integrity of the mitochondrial membrane.
--
In the third experiment we have modeled (191, ischemia was induced in a working rat heart by placing a one-way ball valve in the aortic cannula, thus restricting retrograde perfusion of the coronary arteries during diastole. The computed nucleotide distributions are given in Table 3 . We see a transition to a lower energy state similar to that determined for anoxia, but the process is much slower.
In this case the computed value of XANP* is not constant; it rises from 1,200 to 3,900 nmol/g dry wt in 30 min. Most of the mitochondrial nucleotide pool is AMP*, which accumulates while ATP* and ADP* fall. A possible mechanism for this increase is suggested by the However, the maximal velocity of creatine kinase in rat heart is about 1,000 pmol/g dry wt l min-' (3l), of which approximately 30% is mitochondrial (26). Since the highest oxygen consumption rate reported for the rat heart (7) corresponds to a translocation rate of 600 pmollg dry wt gmin-' under conditions where creatine kinase is near equilibrium, we are forced to conclude that creatine phosphate is not the principal medium of translocation of the mitochondrial high-energy phosphate.
Even for the lower respiration rates in the preparations we have modeled, substitution of the observed or deduced creatine, creatine-F-, MgATP+, and MgADPlevels into the creatine kinase rate law predicts too low a flux to accommodate the required translocation of high-energy phosphate.
Our distribution technique results in the prediction of very low pH values during the final states of respiratory failure in ischemia. In a previous version of this model (11) the distribution method yielded a pH of 5.92 after 30 min of ischemia. We found that a reduction of the rate constant for binding of ADP to actin was required to maintain a pH near the physiologically more realistic value of 6.4. While the pH predicted by the present model is an improvement, our results still suggest that reduced afinity of actin for ADP after 12 min of ischemia in this preparation may be a real phenomenon. A similar situation has been observed in muscles worked to exhaustion where the fraction of ADP bound to actin decreased from 65.9% in resting muscle to 29.2% of the tissue content (28). We believe that this phenomenon may reflect significant changes in the conformation or state of polymerization of the contractile proteins, in agreement with Bing (2). 
